Introduction
It is now well established that left ventricular mass index (LVMI) is a powerful predictor of cardiovascular morbidity and mortality both in the general population [1, 2] and in those with hypertension [3] . More recently, the prognostic value of LVMI has been established in patients with chronic kidney disease, including those on long-term dialysis [4] [5] [6] [7] [8] . Similarly, left ventricular systolic function has great value for predicting cardiovascular prognosis [9, 10] . The latter can be assessed by a wellestablished and more sensitive echocardiographic technique that detects systolic dysfunction known as midwall fractional shortening [11] . Midwall fractional shortening is a more objective and sensitive measure of left ventricular systolic function than the semiquantitative assessment of ejection fraction [11, 12] . Midwall fractional shortening has been found to be of prognostic value among dialysis patients [9] .
Although both left ventricular mass and function have prognostic significance, it is unclear whether these measures are modifiable among long-term hemodialysis patients. Dietary and dialysate sodium restriction [13, 14] , more frequent dialysis [15, 16] , antihypertensive medications [17, 18] , vitamin D [19, 20] and erythropoietin-stimulating agents [9, 21, 22] have all been used as therapeutic modalities to improve left ventricular mass and function, but probing dry-weight has received little attention [13, 23] .
We have previously demonstrated that probing dryweight can improve interdialytic hypertension within 4 weeks [24] . The reduction in blood pressure persists for at least 8 weeks. However, it is unclear whether left ventricular mass and function is similarly responsive to probing dry-weight. No study has deliberately probed dry-weight in a randomized trial to assess responsiveness of left ventricular mass and function to clinical changes in dry-weight.
Accordingly, the purpose of this study was to evaluate the effect of probing dry-weight on echocardiographic markers of left ventricular mass and function. A further aim was to determine whether these echocardiographic markers are associated with response to interdialytic blood pressure on probing dry-weight.
Methods
This is a prespecified substudy of the Dry-Weight Reduction in Hypertensive Hemodialysis Patients (DRIP) trial. A detailed protocol and the methods of the study have previously been published [24] . Briefly, we recruited patients 18 years of age or older on long-term hemodialysis for at least 3 months and who were hypertensive based on a mean interdialytic ambulatory blood pressure of 135/85 mm Hg or more. Patients found to have wellcontrolled hypertension had antihypertensive medications withdrawn until they became hypertensive. Patients with stroke, myocardial infarction or limb ischemia in the previous 6 months, ambulatory blood pressure of 1 170/100 mm Hg, who had missed more than one dialysis in the prior month, had chronic atrial fibrillation or morbid obesity (BMI 1 40) were excluded.
After a six-hemodialysis run-in phase, at which time baseline data were collected, patients were randomized in a 1: 2 proportion into a control group and ultrafiltration trial group for 8 weeks. During this 24-dialysis treatment phase, patients were seen at each dialysis visit and had evaluation of dry-weight and symptoms and signs related to hypovolemia by study personnel.
Randomization to treatment or control groups was carried out in permuted blocks with a 2: 1 ultrafiltration:control ratio. Opaque sealed envelopes were used for treatment allocation by study personnel after assuring that the inclusion-exclusion criteria were met.
The study protocol was approved by the institutional review boards and the VA Research and Development Committee; all patients provided written informed consent. The trial was registered at ClinicalTrials.gov (NCT00067665).
Ambulatory Blood Pressure Monitoring
Ambulatory blood pressure monitoring was performed after the midweek hemodialysis session for 44 h. Blood pressures were recorded every 20 min during the day (6 a.m. to 10 p.m.) and every 30 min during the night (10 p.m. to 6 a.m.) using a Spacelab 90207 ABP monitor (SpaceLabs Medical Inc., Redmond, Wash., USA) in the nonaccess arm. Recordings began immediately after hemodialysis and terminated immediately before the subsequent dialysis.
The accuracy of ambulatory blood pressure recordings was confirmed against auscultated blood pressure at baseline. Hourly means were calculated. These means were then averaged over the entire course of the recording to provide systolic and diastolic interdialytic ambulatory blood pressures.
Echocardiograms
Two-dimensional guided M-mode echocardiograms were performed by dedicated technicians 30-60 min following dialysis in the dialysis unit with a digital cardiac ultrasound machine (Cypress Acuson, Siemens Medical). The postdialysis period was selected for echocardiography as it allows control over volume state of the patient since it is associated with the least intravascular volume.
The protocol specified the recording of at least six cycles of 2-dimensional parasternal long-and short-axis left ventricular views with optimal orientation of the cursor beam to derive additional M-mode recordings. Each patient underwent six Mmode measurements using standards of the American Society of Echocardiography [25] and LVMI and midwall fractional shortening was measured as previously described [10, 26] . All measurements were made over six cardiac cycles by a highly skilled echocardiographer and confirmed by an experienced cardiologist.
Statistical Analysis
Data were first analyzed by graphical methods. A mixed model accounting for repeated measurements was fitted for several outcome echocardiographic parameters of interest, such as LVMI, left ventricular internal diameter, left ventricular posterior wall thickness, intraventricular septal thickness and midwall fractional shortening. The effect of intervention (ultrafiltration vs. control), time (baseline, 4 weeks and 8 weeks) and their interaction was tested and 95% confidence intervals calculated using maximal likelihood estimates. The random part of the equation used subject and visits modeled using an unstructured covariance matrix. Since four different echocardiographers performed these measurements, a random effect was used for the echocardiographer.
To analyze the effect of baseline echocardiographic parameters on interdialytic blood pressure, we first dichotomized the baseline echocardiographic parameter (e.g. LVMI) at the median. The median of the parameter was calculated using all the echocardiograms performed at the baseline visit. We then carried this assignment forward to the week 4 and week 8 visits. A similar mixed-effects model as reported above was used. The fixed part of the model had interdialytic systolic blood pressure as an outcome variable. The predictors were the echocardiographic variable (indicator variable dichotomized about the median), intervention, time and all possible interactions of these three indicator variables. The three-way interaction indicated whether the echocardiographic variable predicted the blood pressure response.
To analyze the effect of time-varying echocardiographic parameters on interdialytic blood pressure, we first dichotomized the baseline echocardiographic parameter (e.g. LVMI) at the median. The median of the parameter was calculated using all the echocardiograms performed at the baseline visit. We then assigned all echocardiograms to a dichotomous category at the week 4 and week 8 visits. A similar mixed-effects model as reported above was used. The fixed part of the model had interdialytic systolic blood pressure as an outcome variable. The predictors were the echocardiographic variable (indicator variable dichotomized about the median), intervention, time and all possible interactions of these three indicator variables. We next calculated the transitional change from a low and high category of the echocardiographic variable in the ultrafiltration group and control groups. We then calculated the differences between these changes. Finally, we tested the significance of the differences using the Wald test.
The nominal level of significance was set at a two-sided p value of ! 0.05 and all statistical analyses were performed with Stata version 11 (StataCorp LP, College Station, Tex., USA).
Results
Between March 2004 and April 2008, we randomized 100 patients to the ultrafiltration group and 50 patients to the control group. In the ultrafiltration group, 192 echocardiograms were performed on the 100 patients (72 at baseline), and 100 echocardiograms were performed on the 50 patients of the control group (38 at baseline). The trial flow of these participants has previously been described [24] . The two treatment groups of patients who had echocardiograms were well balanced with respect to the baseline characteristics ( table 1 ) . Table 2 shows the echocardiographic characteristics at baseline and the changes at 4 weeks and 8 weeks in the control and ultrafiltration groups. Baseline LVMI was 136.3 g/m 2 in the control group and 138.7 g/m 2 in the ultrafiltration group. In the control group, LVMI increased by 3.5 g/m 2 at 4 weeks and 0.3 g/m 2 at 8 weeks. In the ultrafiltration group, LVMI decreased by 7.4 g/m 2 at 4 weeks and 6.3 g/m 2 at 8 weeks. As a result, with ultrafiltration, change in LVMI was -10.9 g/m 2 (p = 0.012) more compared to the control group at 4 weeks, and -6.6 g/m 2 more compared to the control group at 8 weeks (p = 0.21).
From baseline, the left ventricular interior diameter of 4.98 cm ultrafiltration-induced change was -0.21 cm more at 4 weeks (p = 0.03) and -0.19 cm more at 8 weeks (p = 0.21). The changes in left ventricular posterior wall thickness, intraventricular septal thickness and midwall fractional shortening were not significant between groups over time. Figure 1 shows the reduction in interdialytic ambulatory blood pressure as a function of five echocardiographic volume parameters dichotomized at the median value at the baseline visit. For example, in the case of LVMI, at 8 weeks the mean reduction in systolic ambulatory blood pressure in the ultrafiltration group was 2.5 mm Hg greater compared to the control group in those with a baseline LVMI below the median. In contrast, the mean reduction in systolic ambulatory blood pressure in the ultrafitration group was 15.7 mm Hg greater in those with baseline LVMI above the median (and therefore presumably more volume overload). The difference between 2.5 mm Hg increase and 15.7 mm Hg reduction was statistically significant (p = 0.02). Although not statistically significant, at 4 weeks, the results showed greater reduction (5.6 mm Hg) in the high-LVMI group (which presumably is more volume-overloaded at baseline) compared to the low-index group (0.3 mm Hg). Neither the components of LVMI nor midwall fractional shortening (a sensitive index of left ventricular systolic function) were related to blood pressure response. Figure 2 shows the reduction in interdialytic ambulatory blood pressure as a function of three echocardiographic volume parameters dichotomized at the median value at the baseline visit. This dichotomized value was then used to grade change in indices at 4 and 8 weeks. Only the 8-week results are shown since the 4-week results looked even less significant. As in the baseline model shown in figure 1 , the results show that none of the IV Sd = Intraventricular septal thickness at diastole; LVId = left ventricular internal diameter at diastole; LVPWd = left ventricular posterior wall thickness at diastole; MWFS = midwall fractional shortening; UF = ultrafiltration. * p < 0.05. echocardiographic parameters predicted the ultrafiltration-induced change in systolic blood pressure at 8 weeks. Neither at 4 weeks (data not shown) nor at 8 weeks ( fig. 2 ) were the interaction values between the high and low indices significant.
Discussion
LVMI is a potent indicator of prognosis both in patients with hypertension and those with chronic kidney disease, including those on hemodialysis [1] [2] [3] [4] [5] [6] [7] [8] . Midwall fractional shortening is a sensitive index of left ventricular systolic function and is also a powerful prognostic marker among hemodialysis patients [9, 11, 12] . Our study demonstrates that regression of left ventricular mass can be effected by probing dry-weight. However, midwall fractional shortening was not affected. Furthermore, it appears that the reduction in interdialytic systolic blood pressure may be more in those with a higher LVMI. This indicates that, in part, LVMI is indicative of volume overload as reflected by left ventricular chamber dilatation. To support this notion, we found that probing dry-weight reduced left ventricular chamber dilatation, but did not affect left ventricular wall thickness. To the extent this notion is true, increased LVMI among dialysis patients may reflect excess volume. However, the change in echocardiographic LVMI or its components or change in midwall fractional shortening does not appear to predict the blood pressure response to probing dry-weight.
Week 4 low index -9.2, 3.6 -9. LVMI reduced rapidly -more rapidly than what would be expected in the general population. The reduction in LVMI was most likely due to reduction in left ventricular internal diameter. Due to the geometric assumptions underlying the LVMI calculations, reduction in left ventricular diameter will most likely lead to improvement in LVMI. It is very unlikely that reduction in blood pressure by itself (in the absence of volume correction) would be associated with improvement in LVMI.
It may appear internally inconsistent that a higher LVMI was associated with a greater reduction in interdialytic systolic blood pressure, yet reduction in LVMI was not associated with changes in interdialytic systolic blood pressure. The latter negative finding is likely because our study was not powered adequately to discover a relationship between change in LVMI with probing dryweight and change in interdialytic systolic blood pressure. On the other hand, it is possible that the association between higher LVMI and greater reduction in interdialytic ambulatory systolic blood pressure may simply be a chance finding. However, given that the relationship between higher LVMI and a greater reduction in systolic blood pressure is physiologically plausible, it is more likely that the former scenario of an underpowered study is more likely.
LVMI, as assessed in this study in the postdialysis state, can be routinely evaluated using standard echocardiographic techniques. Our study found that patients figure 1 , the echocardiographic volume parameter was dichotomized at the median value at the baseline visit, yielding a low index and a high index. This value was then used to classify patients into low-or high-index groups at 4 weeks and 8 weeks.
The forest plot shows the 8-week additional change from baseline in systolic blood pressure in the ultrafiltration group compared to the control group. Blood pressure change evoked by the transition in volume from low to high was similar to that from low to low. Similarly, blood pressure change evoked by the transition in volume from high to low was similar to that from high to high. Likewise, transitions in volume from low to either volume were not different from transitions from high to either volume. Thus, changes in volume state were not predictive of change in blood pressure. Abbreviations are defined as in figure 1.
who had a higher LVMI achieved a greater reduction in interdialytic ambulatory systolic blood pressure. Thus, patients on long-term dialysis with hypertension, especially those with a higher LVMI, should have their dryweight probed as an initial intervention as a way to improve prognosis. On the other hand, midwall fractional shortening, an objective measure of left ventricular systolic function, had no relationship with blood pressure lowering upon probing dry-weight. This finding should not be taken to imply that those with very poor systolic function, who were largely excluded from our study, cannot experience an improvement upon probing dryweight.
The recently completed and published daily dialysis study of the Frequent Hemodialysis Network demonstrated that daily dialysis was associated with an approximately 10-gram improvement in left ventricular mass and about 10-mm Hg lowering in systolic blood pressure [27] . The results of our study show an improvement within 8 weeks of a similar magnitude in both left ventricular mass and systolic pressure. It is possible that as in our study, frequent dialysis simply has salutary effects through achieving dry-weight over a period of time. To the extent this is true, probing dry-weight may be a simpler expedient than frequent dialysis to improve outcomes related to volume excess such as heart failure and strokes.
One strength of our study was that certified technicians performed the serial echocardiograms in the dialysis unit using a prespecified study protocol in the context of a randomized trial. Our study does, however, have some limitations. Although the analysis of LVMI was prespecified, patients were not randomized based on LVMI. In the absence of randomization based on LVMI, we cannot establish a cause-and-effect relationship between LVMI and subsequent blood pressure reduction. Before performing echocardiograms, we could have waited longer after dialysis for fluid equilibration to occur. However, this would have made our study less feasible. Finally, there were few non-African-American patients in our study. Whether the results of our study are generalizable to non-African-American patients will need to be demonstrated in future studies.
In conclusion, among chronic hemodialysis patients, LVMI, a powerful indicator of mortality, can be reduced by probing dry-weight. If probing dry-weight is causally related to improvement in LVMI, this simple and effective tool has the potential to improve dismal cardiovascular outcomes. Our study provides another reason why nephrologists should remain vigilant in continuously assessing and managing dry-weight among their long-term dialysis patients.
